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Group VI layered transition metal dichacogenides (LTMDs) as a group of 
semiconductors with intriguing properties have been studied for decades. Due to the 
suitable band gap for solar energy absorption and extremely good stability in various 
aqueous and non-aqueous electrolyte solutions, these materials have been considered 
as good candidates of semiconductor electrodes for photoelectrochemical (PEC) solar 
cells. However, the scalable synthesis of bulk single crystals LTMDs remains a 
challenge, limiting the development of their application in solar cells. 
Two-dimensional, atomically thin sheets of group VI LTMDs exhibit attractive 
physical properties that are absent in their bulk form due to quantum confinement 
effects and change in crystal symmetry. Large area atomically thin films of LTMDs can 
be fabricated with potentially scalable techniques, providing an opportunity for their 
application in solar energy conversion. However, the photoelectrochemical properties 
of atomically thin LTMDs remain to be investigated. In this project, large area 
atomically thin films of MoS2 were produced by lithium-assisted chemical exfoliation 
and sulfurization of thermally evaporated MoOx thin films. The morphology of MoS2 
films was characterized by optical microscopy, scanning electron microscopy and 
atomic force microscopy. The quality of films was characterized by UV-Vis absorbance 
spectroscopy, Raman spectroscopy and photoluminescence spectroscopy. 
Photocurrent measurements were conducted in a three-electrode configuration with 
lock-in technique to investigate the photoelectrochemical behavior of MoS2 thin film 
photoelectrodes. The measurements were performed by varying the electrolyte and the 
VI 
 
thickness of samples. However, no effective photocurrent signal was successfully 
detected. Finally, several possible approaches were proposed to further improve the 
photocurrent performance of MoS2 thin films. These include application of a proper 
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Chapter 1 Introduction 
1.1 Layered transition metal dichalcogenides (LTMDs) 
Layered transition metal dichalcogenides (LTMDs) belong to a group of compounds 
which has the chemical formula of MX2, where M represents transition metals like Mo, 
W from Group VIB while X stands for S,Se,Te from Group VIA. Structurally, LTMDs 
consist of covalently bound X-M-X layers which are held together by weak van der 
Waals interactions. Within each layer, the transition metal atom (M) is covalently 
bounded to 6 chalcogen atoms (X), while between layers, van der Waals forces are 
dominant. Due to differences in the metal coordination, the unit cell geometry of 
LTMDs can be either trigonal prismatic or octahedral, as illustrated in Figure 1.1.1 
 
Figure 1. 1. Illustrated schematic of layered structure LTMDs, prismatic coordination (2H) and 
octahedral coordination (1T). 
 
Electrically, the LTMDs display a wide range of properties, varying from metals like 
NbS2 and VSe2, to semiconductors like MoS2 and WS2
1
. In particular, the 
semiconducting LTMDs have recently received a great deal of attention due to their 
thickness-dependent properties and their applications in electronics and optoelectronics. 




The weak van der Waals forces between the layers allow isolation of atomically thin 
sheets of LTMDs via cleavage along these van der Waals planes. The individual 
monolayers can be isolated via micromechanical cleavage or the “Scotch tape method” 
used to obtain graphene from graphite.2 As an alternative exfoliation method, liquid 
phase exfoliation was developed by Coleman et al3 to obtain large amounts of 
individual monolayer sheets of LTMDs in organic solvents. Furthermore, atomically 
thin films of LTMDs can be synthesized by several other methods. For instance, MoS2 
thin films were successfully synthesized by annealing (NH4)2MoS4 under Argon/H2 
and Argon/Sulfur atmosphere,4 sulfurization of molybdenum films produced via 
electron beam evaporation,5 sulfurization of thermally evaporated molybdenum oxide 
(MoOx) films,
6 and chemical vapor deposition using MoO3 and S as the precursors.
7 
Two dimensional (2D) sheets of LTMDs exhibit remarkable properties which are 
absent in the bulk form due to quantum confinement effects and changes in the crystal 
symmetry. The quantum confinement can be observed once the dimension of material 
is of the same magnitude as the wavelength of the electron wave function. When 
materials are this small, their electronic and optical properties deviate substantially 
from those of bulk materials.  For instance, MoS2 is an indirect band gap semiconductor 
with an energy band gap of ~1.29 eV in the bulk form.8 As the thickness of MoS2 
decreases, the band gap increases due to quantum confinement effects until it reaches 
1.9 eV for a monolayer.9 In addition to the change in its size, the nature of the band gap 
also changes from indirect to direct when the thickness decreases to a monolayer.9 The 
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direct band gap of monolayer MoS2 leads to strong photoluminescence.
9,10 The indirect 
to direct transition in the band gap results in a significant enhancement in the 
photoluminescence quantum yield.9 Recent studies have also shown that monolayer 
MoS2 demonstrates excellent field effect transistor characteristics with large on-off 
ratios and high carrier mobility, making it a promising material for application in 
electronic devices.11-13 The unusual mechanical stability of monolayer MoS2 against 
bending and stretching also makes it an attractive material for flexible field effect 
transistors.13,14 Similar effects are observed in other LTMDs such as WS2, MoSe2, and 
WSe2.
15,16 As a direct band gap semiconductor with unusual optical and electronic 
properties associated with the 2D structure, atomically thin sheets of LTMDs have 
been receiving increasing attention as a new group of optoelectronic materials.17 
1.3 Photoelectrochemistry of layered transition metal dichalcogenides 
A photoelectrochemical (PEC) cell is composed of three main components: a 
semiconductor which absorbs photons to generate electron-hole pairs, an electrolyte for 
charge transport (usually a redox couple), which forms a junction in contact with the 
semiconductor and produces an electric potential difference across the interface as well 
as regenerating the excited semiconductor, and a counter electrode to complete the 
electric circuit.  
The principle of operation of PEC cell which converts solar energy to electric power 
based on n-type semiconductors is shown in Figure 1.2. Photons of energy which 
exceed the band gap of the semiconductor generate electron-hole pairs, which are 
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separated by the electric field existing in the space charge region. The electrons 
transfer through the bulk of the semiconductor to the current collector and flow 
through the external circuit to the counter electrode. The holes are driven to the 
semiconductor-electrolyte interface where they are depleted by the reduced species of 
the redox couple, oxidizing it via the process h+ + R   O, where R represents the 
reduced species and O represents the oxidized species. Then the oxidized species is 
reduced back to the reduced species by the electrons that are re- injected into the cell 
through the counter electrode from external circuit.18 
 
Figure 1. 2. (a) Principle of operation of photoelectrochemical cells producing electric current 
from sunlight based on n-type semiconductors, from reference (18). (b) Typical current-voltage 
characteristics of an ideal solar cell diode when non-illuminated (dark) and illuminated, from 
reference (19). 
 
It is known that the main characteristics of a solar cell is reflected in its I-V curve, and 
it has several derivative parameters such as Isc (short circuit current), Voc (open circuit 
voltage) and the maximum possible delivered energy Pmp = Vmp Imp, as shown in 
Figure 1.2.b. The conversion efficiency of a solar cell is defined as the ratio of the 




PEC studies of layered transition metal dichalcogenides have been performed since 
1977.20-22 Due to their suitable band gap for solar spectrum absorption and remarkable 
photocatalytic stability against photocorrosion,23,24 molybdenum and tungsten 
dichalcogenides have been considered as ideal materials for PEC solar cells.20,21,24 
Molybdenum and tungsten dichalcogenides from group VI in trigonal prismatic 
coordination are semiconductors in which the upper region of the valence band is 
constituted by transition metal dz2
 states and the lower region of the conduction band is 
formed by dxy and dx2-y2
 states. Characteristic reaction mechanisms of this group of 
materials have been found that can be interpreted in terms of contribution of the 
d-orbitals to the valence band where photoactive holes are generated, as depicted in 
Figure 1.3. 
 
Figure 1. 3. An approximate electronic structure of group VI layered transition metal 
dichalcogenides, based on ligand field theory. 
 
Previous work has demonstrated that an impressive solar energy conversion efficiency 
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of approximately 14% was achieved from n-type WSe2 bulk single crystals.
25 In 
addition, MoSe2, WS2 and MoS2 bulk single crystals with conversion efficiency of 
9.4%,24 6%,26 and 6%27 were also obtained, highlighting their potential in energy 
harvesting. A comprehensive summary of solar energy conversion efficiencies of PEC, 
based on molybdenum and tungsten dichalcogenide electrodes is listed in Table 1.1.  
Semiconductor 
(electrode area) 






NaI   1.0M 





from Xe lamp 




NaI    1M 
I2   0.05M 
sunlight  
83mW cm-2 




Br-     2M 
Br2      N.S. 
sunlight 
85mW cm-2 




KI     2M 
I2    0.05M 
100W halogen  
filtered 
polychrom. 
light 90mW cm-2 




KI     2M 
I2    0.05M 
sunlight 
93mW cm-2 














KCL  1M 
KI   1M 

























4 R. Audas 
et.al.32 
Table 1. 1. Performance and characteristic of PEC based on tungsten and molybdenum 
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dichalcogenide electrodes. C = single crystals. N.S. = not specified. From reference (33). This 
table does not mean to show the difference between single crystalline and polycrystalline, all 
the samples are single crystalline. 
 
As far as the redox electrolytes used in PEC cells are concerned, the I-/I3
- couple is by 
far the most commonly used with LTMDs. Since the efficiency and the stability of 
LTMDs depend on the chemistry of the redox couples involved in the formation of the 
semiconductor/electrolyte interface, the effects of different electrolytes on the PEC 
performance of LTMDs have also been studied. For instance, the relationship between 
photovoltage of n-WSe2 and the potential of various redox couples is shown in Figure 
1.4.  
 
Figure 1. 4. Photovoltage of n-WSe2 electrode versus the potential of various redox couples. 
From reference (23) 
1.4 Motivation 
We can see that high energy conversion efficiency (14%) can be obtained with WSe2 
single crystals. Reasonable energy conversion efficiencies (~4%-10%) can also be 
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obtained from other group VI LTMD bulk single crystals, these values are comparable 
to those of dye-sensitized solar cells (10%-11%).18 In addition, the high stability 
against photocorrosion due to the unique transition metal d-band character also 
highlights the attractive prospects of LTMDs as solar energy materials. However, as it 
can be seen in Table 1.1, such high energy conversion efficiencies were obtained from 
bulk single crystals of LTMD electrodes with a very small active surface area. This is 
because the single crystals of LTMDs such as MoSe2 and WSe2 are grown with a 
technique that does not allow the formation of large single crystals. On the other hand, 
the synthesis of large area and highly-oriented LTMD thin films has been developed 
recently.3-5 These thin films offer an alternative route to the application of LTMDs in 
solar energy harvesting. While previous studies mainly focused on bulk single crystals 
of LTMDs, the PEC properties of atomically thin crystals of LTMDs remain elusive. In 
this thesis, the preparation and characterization of large area atomically thin films of 
molybdenum disulfide are discussed. The PEC properties of these thin films are also 
investigated. Further, issues with the measurement of photocurrent in MoS2 thin film 
electrodes are discussed. Finally, several possible approaches to improve the 




Chapter 2 Photoelectrochemistry instrumentation  
2.1 Working principle of a photoelectrochemical cell for solar energy 
conversion 
As described in the previous section, the first step in a PEC process in the 
semiconductor is light absorption, followed by the generation, separation and 
collection of electrons and holes. Photovoltage and photocurrent are obtained if the 
charge carriers are photo-generated in the space charge layer where an electric field 
exists, which is similar to the photoeffect in Schottky barrier or p-n junction of solid 
state solar cells.34- 36  
A space charge layer is usually built when a solid semiconductor in contact with a 
liquid electrolyte when their initial chemical potential of electrons is different. The 
chemical potential of the semiconductor is determined by the Fermi level in the 
semiconductor. For electrolyte, the chemical potential is identified with the redox 
potential of the redox couples in the electrolyte.37 It is notable that the redox potential 
is also equal to the Fermi level of the electrolyte. 
If the initial Fermi level of an n-type semiconductor is above the initial redox potential 
of the electrolyte, the two Fermi levels align by transferring electrons from the 
semiconductor to the electrolyte, leading to the generation of the space charge layer in 
the semiconductor. As a result, a downward band bending appears in both the valence 
band and the conduction band and a potential barrier arises in the space charge layer.38 




Figure 2. 1. Energy level diagram for semiconductor-electrolyte junction showing the 
relationships between the electrolyte redox couple (H
+
/H2) at equilibrium. The Helmholtz layer 
potential drop (VH), and the semiconductor band gap (Eg), electron affinity (χ), work function 
(Φsc), band bending (VB), flat-band potential (Ufb). The electrochemical and solid state energy 
scales are shown for comparison. ΦE1 is the electrolyte work function. E, at equilibrium in the 
dark, E*, under illumination. Adapted from reference (37) and (38). 
 
It has been shown that the work function or Fermi level for the standard redox potential 
of H+/H2 redox couple (NHE) at equilibrium is -4.5eV against vacuum.
37,39 Therefore, 
the energy levels of any redox couples can be correlated to the energy levels of 
semiconductor electrodes by using this energy level scale. 
In addition to the space charge layer, the Helmholtz layer composed of ions from liquid 
electrolyte adsorbed on the semiconductor and the ions of opposite sign induced in the 
semiconductor also exists in the electrolyte contiguous to the interface with the solid 
semiconductor. These charged ions with opposite signs result in a potential drop across 
the Helmholtz layer.37 Therefore, the net band bending in the semiconductor when it is 
in equilibrium with the electrolyte in the dark is modified due to the presence of the 
Helmholtz layer, as shown in Figure 2.1.  
11 
 
When the semiconductor electrode is illuminated, the band bending in the 
semiconductor will decrease due to the increased charge carrier density caused by the 
illumination. The photovoltage is generated under the open circuit condition, as shown 
in Figure 2.1. The value of the photovoltage mainly depends on the difference between 
the Fermi level or the chemical potential of the semiconductor and the redox potential 
of the electrolyte in the dark in the equilibrium, and the degree of band bending. In 
addition, it is also related to the potential drop in the Helmholtz layer. 
The electrons are driven by the photovoltage to move from the semiconductor to the 
counter electrode through external circuit while the holes react with the reduced 
species of the electrolyte exclusively at the interface ideally. As a consequence, the 
oxidation of reductant at the semiconductor/electrolyte interface is compensated by the 
reduction of oxidant at the counter electrode. Overall, no net chemical change occurs 
except that the electron energy is increased in the semiconductor electrode by the 
amount of photovoltage due to the illumination. 38 
2.2 Photoelectrochemical techniques 
2.2.1 Photocurrent spectroscopy 
Photocurrent spectroscopy is utilized to measure the current response of a 
photoelectrode under monochromatic illumination. Through this technique, the ability 
of a material to convert monochromatic light, or light of a certain wavelength to 
current is monitored.  
In this work, two types of photocurrent spectroscopy efficiencies were evaluated: 
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incident photon-to-current efficiency (IPCE) and absorbed photon-to-current efficiency 
(APCE). Both measurements utilize the same photocurrent measurement setup. 
2.2.2 Photocurrent spectroscopy instrumentation 
For photocurrent measurements where the signal was less than 1nA and could not be 
distinguished from the experimental noise, a lock- in amplifier with phase sensitive 
detection is used to discriminate the photocurrent signals. The data were recorded by 
an in-house Labview program (developed by Dr. L. A. King). A schematic diagram of 
the in-house assembled experimental setup is shown in Figure 2.2. Under the incident 
monochromatic light chopped by the optical chopper, the photocurrent response of 
samples held at a pre-determined potential controlled by the potentiostat was 
monitored with a three -electrode configuration photoelectrochemical cell as a function 
of the wavelength of the incident light.  
 
Figure 2. 2. The experimental setup for photocurrent measurement using a lock-in amplifier to 
distinguish the signal from the background experimental noise. 
 
An Autolab potentiostat (Metrohm Autolab, PGSTAT204) controlled by a computer is 
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used to monitor the electrochemical cell. A 175W Xenon lamp (Spectral Products 
ASB-XE-175 Xenon Fiber Optical Light Source) illuminated the sample through a 
CM110 Compact 1/8 Meter monochromator. A Stanford Research Systems (SRS) 
SR830 DSP lock-in amplifier was used with an SR540 optical chopper. 
For all PEC measurements, a standard three-electrode setup was utilized. The 
three-electrode PEC cell (K051) purchased from Tianjin Aidahengsheng Technology 
CO, LTD was fitted with fused silica windows for illumination. The schematic o f the 
three-electrode PEC cell is shown in Figure 2.3. A platinum wire was used as counter 
electrode for all measurements. Silver/silver chloride/1 M potassium chloride 
(Ag/AgCl/1M KCl) reference electrodes were used for all measurements 
As described in Chapter 1, the iodide/triiodide (I-/I3
-) redox couple is the most 
commonly used electrolyte with LTMDs in PEC cells. However, despite the success of 
the iodide/triiodide electrolyte, there are many limitations with such as corrosion of 
cell components as well as the strong light absorption by the coloured I3
- species in the 
electrolyte solution. Besides, during the photocurrent measurement in 
chronoamperometry mode, the iodide/triiodide electrolyte typically induces a large (up 
to 1-10 μA) and unstable dark current due to the complex reaction between I-, I2
- and 
I3
- species, which affects the photocurrent measurement. Hence, an alternative redox 
couple SO3
2-/SO4




Figure 2. 3. The schematic of the photoelectrochemical cell used in all photocurrent 
measurements. 
2.2.3 Lock-in technique in photocurrent measurement 
A lock- in amplifier with phase sensitive detection is utilized to measure and amplify 
very small AC signals, typically down to a few nanovolts, especially when the signal is 
obscured by overwhelming noise sources.40 In principle, lock- in amplifiers use the 
technique of phase sensitive detection to separate target signals with some specific 
reference frequency and phase from noise signals at frequencies other than this specific 
reference frequency and phase, which are filtered and do not affect the measurement.  
A frequency reference which is from either an oscillator or a function generator is 
required in Lock- in measurements.40 Typically, an experiment is conducted at such 
fixed frequency and the lock- in amplifier detects and amplifies the response from the 
experiment at this reference frequency.  
In photocurrent measurement, an optical chopper connected to the lock-in amplifier 
can chop the monochromatic light at a specific frequency, and the current output from 
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the potentiostat is connected to the input of the lock- in amplifier through a 
current-to-voltage converter. The lock- in amplifier filters the signal and the 
photocurrent response data for each monochromatic light are recorded via the 
LabVIEW program synchronously. 
2.2.4 Interpretation of the results: IPCE and APCE 
Photocurrent signals recorded by the setup shown in Figure 2.2 should be calibrated 
against the incident monochromatic light power to provide the data corresponding to 
the sample. Hence, photocurrent data is often presented as “incident photon to current 
efficiency” (IPCE), Φ, which is the ratio of number of electrons (ne) to the number of 





                                                       (2.1) 
To obtain the number of electrons, photocurrent density (Is) is measured and calculated. 
Photocurrent measured in ampere is the measurement of electric charge passing 
through the illuminated area per unit time(s). Photocurrent density is obtained through 
dividing the photocurrent (ampere) by the illuminated area of sample (cm2). Therefore, 






                                                           (2.2) 
where e is the elementary charge. 
The number of photons can be calculated if the power of the monochromatic light 
incident on the sample is measured. Light power density is measured in Watt per unit 
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                                                          (2.3) 
where h is Planck’s constant, c is the speed of light in vacuum. 
The power density of monochromatic light (Pλ) can be calculated by measuring the 
power through a power meter and dividing by the area of the power detector. The 
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                                                        (2.5) 
The absorbed photon-to-current efficiency (APCE) whereby the ratio of photon 
absorbed by materials to concerted current is a further interpretation of the 
photocurrent results, which is determined by Equation (2.6) 
APCE=IPCE/ (1-T(λ))                                                (2.6) 
where T(λ) is the transmittance of the sample under illumination of a certain 




Chapter 3 MoS2 thin film preparation and characterization 
3.1 Introduction to the chemical exfoliation of MoS2 
As described in Chapter 1, bulk crystals of MoS2 have shown both suitable band gap 
energies and good photostability for solar energy conversion in P EC cells. Despite the 
promising photoelectrochemical features such as reasonable conversion efficiency and 
good stability, scalability is still a challenge for LTMD based photoelectrodes. 
Typically, the growth of bulk single crystal is time consuming and the size of the 
crystals is limited to a few millimeters. On the contrary, the low-cost, solution-based 
production of atomically thin sheets through chemical exfoliation of bulk LTMDs 
offers an effective route to scalable synthesis.3,41,42 In particular, chemical exfoliation 
of bulk LTMDs provides an effective method to produce monolayers in aqueous 
suspension.43 The exfoliated thin sheets can either be easily deposited homogenously 
over a large area42 or hybridized with other materials,44 enabling a scalable and simple 
process for PEC device implementation. 
Previous work by Joensen et al.43 has shown that Li intercalated MoS2 (LixMoS2) can 
be exfoliated into monolayers by ultrasonication, yielding a stable aqueous colloidal 
suspension. The schematic of chemical exfoliation via Li- intercalation and 




Figure 3. 1. Schematic representation of the chemical exfoliation process of MoS2. 
 
As shown in Figure 3.1, lithium ions intercalate the material and disrupt the weak van 
der Waals forces. During the process the LTMD layers become negatively charged and 
the lithium ions counter the charge on LTMD sheets. For instance, the reaction between 
LiBH4 powder and MoS2 bulk powder under heating is shown in Equation 3.1 






H2                                               (3.1) 
The remaining product of this reaction is LixMoS2 since byproducts are all gaseous. 
The exfoliation of LixMoS2 into monolayer MoS2 in water is achieved through 
ultrasonication and reaction of lithium ions with water leading to hydrogen generation. 
Due to the lithium intercalation process, MoS2 undergoes a phase transition from its 
initial 2H phase to 1T phase which is metastable.45 Hence, after depositing MoS2 thin 
films onto an arbitrary substrate, a proper annealing in argon or nitrogen atmosphere is 
necessary to transform the 1T phase back to the initial 2H phase.42,46 
The work presented here will focus on the preparation and characterization of MoS2 
atomically thin films through chemical exfoliation following the method described in 
reference (47).  
3.2 Experimental procedure of chemical exfoliation of MoS2 
MoS2 (Alfa Aesar, 99%) powder and LiBH4 (Merck) powder were weighed and mixed 
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in a molar ratio of 1: 2.5 under an argon atmosphere. This ratio ensures the MoS2 
powder can be intercalated by LiBH4 efficiently. The mixture was heated at 300°C on a 
hotplate for 3 days. During the heating process, the mixture was stirred via a spatula as 
frequently as possible to promote the reaction between MoS2 and LiBH4. 
Exfoliation was achieved immediately by ultrasonicating the LixMoS2 powder in 
deionized water (1mg/mL) for 1h to avoid de-intercalation. The resulting suspension 
was first centrifuged at 1000 rpm for 1 h to remove the unexfoliated bulk materials. 
Later, the suspension was centrifuged at 9000 rpm for 1h for 6 times to remove the 
excess lithium ions in the form of LiOH. Finally, the suspension was centrifuged at 
3000rpm for 0.5h for 3-4 times to remove the thicker materials. 
MoS2 thin films were deposited by vacuum-filtering the diluted suspension 
(0.01-0.1mg/mL) through a mixed cellulose ester microporous (25nm pore size) 
membrane. The filter membrane with MoS2 was slowly inserted into deionized water 
to allow the thin film to separate from the membrane, resulting in a free-floating film 
on the water surface, as shown in Figure 3.2 
 
Figure 3. 2. Photograph of a MoS2 film floating on water, as red arrow indicates. 
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The free-floating thin film was transferred to arbitrary substrates including Si/SiO2, 
quartz and fluorine doped tin oxide (FTO) conductive glass by scooping up the thin 
film carefully. It is notable that this thin film deposition method via vacuum filtration 
enables the manipulation of film thickness by adjusting either the concentration of 
suspension or the volume of suspension used. Furthermore, this method allows us to 
obtain more uniform films compared with drop casting and spin coating. Finally, the 
deposited films were annealed at 300°C for 1h under argon atmosphere to restore the 
desired 2H phase.  
3.3 Results and discussion. 
3.3.1 Morphologies-Optical, SEM and AFM imaging 
To study the morphology of chemically exfoliated MoS2, thin films of various 
thicknesses were deposited on clean Si/SiO2 substrates by diluting different volumes 
(0.135 and 1.35 mL) of the suspension (supernatant after centrifugation) to a volume 
appropriate for filtering (several mL). The optical images of MoS2 films deposited 
from the two suspensions of different volumes are shown in Figure.3.3. As seen in 
Figure 3.3.a and Figure 3.3.c, large area regions (blue region, over 200μm × 200μm) 
are obtained. A clear contrast between the MoS2 film (blue region) and the substrate 
(pink region) is seen as shown in Figure 3.3.c. As shown in Figure 3.3.b and Figure 
3.3.d at higher magnification, MoS2 films are composed of small individual flakes 
either isolated or overlapping. The extent of the overlap can be estimated from the 
optical contrast. The low-contrast region in Figure 3.3.b corresponds to a region 
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consisting predominantly of non-overlapping monolayer sheets while the darker and 
reflective region is probably due to thick, overlapped flakes and un-exfoliated 
materials. Based on the optical images, it is known that film thickness could be 
controlled through manipulating the amount of suspension with the same concentration. 
This deposition technique is not perfect to produce very uniform film. Nevertheless, as 
film becomes thicker, the uniformity improves due to the local coverage of more 
materials deposited.  
 
Figure 3. 3. Optical images of chemically exfoliated MoS2 films deposited on Si/SiO2 
substrates. (a) (b) film deposited from ~ 0.135 mL suspension at lower magnification (a) and 
higher magnification (b); (c) (d) film deposited from ~ 1.35 mL suspension at lower 
magnification (c) and higher magnification (d). 
 
To further study the morphology and size of chemically exfoliated MoS2 flake, as well 
as the correlation of sizes between bulk MoS2 powders and exfoliated MoS2 flake, 
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scanning electron microscope (SEM) imaging was conducted. MoS2 powders placed on 
Si/SiO2 substrate and chemically exfoliated MoS2 flakes deposited on Si/ SiO2 substrate 
are shown in Figure 3.4.a and Figure 3.4.b, respectively. As seen in Figure 3.4.a, the 
average size of the bulk MoS2 crystals is ~ 10 μm. On the other hand, the typical size 
of the MoS2 flakes via chemical exfoliation with LiBH4 was determined to be < 1 μm, 
significantly smaller than the size of the original bulk crystals. 
 
Figure 3. 4. (a) SEM image of commercial MoS2 powder placed on Si/SiO2 substrate, (b) SEM 
image of chemically exfoliated MoS2 deposited on Si/SiO2 from ~ 0.135 mL suspension after 
annealing at 300 °C under argon atmosphere. 
 
To determine the thickness of exfoliated MoS2 flakes, atomic force microscope 
imaging of the sample deposited from ~0.135mL suspension was conducted. The 
results are shown in Figure. 3.5.  
Monolayer and bilayer flakes can be identified from the height analysis. The height 
profile indicates that the flakes are typically 1 nm-thick and 2 nm-thick (Figure 3.5.b 
and c). Based on this result, it could be confirmed that the chemically exfoliated 
products are mostly composed of mono- or bilayer flakes. A small fraction of the flakes 
are found to be thick multilayers. The local variation in film thickness is mainly caused 
by the overlapping of individual monolayer flakes. However, it is not straightforward 
23 
 
to determine whether a thick sheet is formed by overlapping individual monolayer 
flakes or it is bulk material that is only partially exfoliated from the AFM image. 
Nevertheless, it can be speculated that the thick sheets with irregular shape is caused 
by the re-stacking of individual monolayer flakes, the region with regular shape and 




Figure 3. 5. (a) AFM image of chemically exfoliated MoS2 flakes deposited on Si/SiO2 
substrate. The sample was prepared from filtering ~ 0.135 mL suspension and annealed at 
300 °C under argon atmosphere. The scanning area is ~ 4 μm4 μm. (b) Height profile along 
the 1 nm-thick flake. (c) Height profile along the 2 nm-thick flake. 
 
3.3.2 UV-Vis absorbance spectra of chemically exfoliated MoS2 
UV-Visible absorbance spectroscopy is used to monitor the ability of the material to 
absorb light. Previous work by Eda et al.42 has demonstrated that a large extent of 
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restoration of the 2H phase from the 1T phase can be achieved by annealing the 
as-deposited films at 300°C under argon atmosphere. The change in the phase is 
reflected in UV-Visible absorbance spectra.  
In this measurement, chemically exfoliated MoS2 flakes were prepared on a clean 
quartz substrate and annealed at 300°C for 1h under argon atmosphere. UV-Visible 
absorbance measurement was done by UV-Vis spectrophotometer (UV-2600, 
SHIMADZU) with an integrating sphere. It is noticeable that the average film 
thicknesses are roughly estimated nominal thickness based on the fitting equation y = 
ax + b, where x is the average film thickness and y is the absorbance. Error bar exists 
in the original fit due to the variation and inhomogeneity in film thicknesses. Therefore 
it is not accurate to the fraction of 1 nm shown in Figure 3.6 and 3.7 for UV-Vis 
absorbance approach to determining the thickness of MoS2 films. 
The absorbance spectra of chemically exfoliated MoS2 thin films (Figure 3.6.a) have 
demonstrated the characteristic optical transitions of MoS2. These peaks correlated 
with the optical transitions in the visible region (400 nm-800 nm) correspond to the 
photoexcitation of d-orbital electrons which are not involved in the chemical bonding 
of MoS2.
48 The electronic band structure of MoS2 and the optical transitions correlated 
with the absorbance peaks are shown in Figure 3.6.b.49,50 Peaks A and B result from 
the K point of the Brillouin zone51 while peaks C and D are expected to arise from the 
interband transitions between the occupied dz2 orbital and unoccupied dxy,x2-y2 and dxz, 
yz orbitals. The inset of Figure 3.6.a shows the absorbance dependence on MoS2 film 
thickness for each of the four excitonic peaks A, B, C and D. An approximate linear 
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dependence can be observed between the absorbance of the four excitonic peaks and 
MoS2 film thicknesses.  
 
Figure 3. 6. (a) UV-Vis absorbance of the MoS2 thin films of different thicknesses deposited 
on quartz and annealed in an argon environment at 300 ˚C. The inset shows the absorbance 
dependence on MoS2 thickness for each of the four excitonic peaks A, B, C and D. (b) An 
approximate energy band structure of MoS2. The transitions labelled A, B, C and D correspond 
to the optical transitions labelled in (a). 
 
 
Figure 3. 7. Normalized absorbance spectra of MoS2 thin films: (a) entire spectra, (b) 550 
nm-800 nm region. The inset shows the energy position of excitonic peak A as a function of 
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average film thickness. The peak energies were extracted from the second order derivative of 
normalized absorbance spectra. (c) Second order derivative of normalized absorbance spectra, 
640 nm-700 nm region 
 
In normalized absorbance spectra of MoS2 thin films (Figure 3.7), the measured 
exciton peaks A show a slight blue shift by approximately 15 meV as the film 
thickness decrease from 3.7 nm to 1.2 nm due to quantum confinement effect.42 The 
excitonic wavelength of peak A for the film with the thickness of 1.2 nm is 652 nm, 
which is consistent with the previously reported peak position for mechanically 
exfoliated MoS2 monolayer,
9 indicating that the film mainly consists of monolayers. 
 
3.3.3 Raman spectra of chemically exfoliated MoS2 
Raman spectroscopy is used to detect the molecular vibration based on spec ific 
chemical bonds and the symmetry of molecules and it provides the information about 
the chemical structure of materials. Typically, two vibrational modes dominate in the 
Raman spectra of MoS2: the in-plane (E
1
2g) mode and the out-of-plane (A1g) mode. 
Previous work by Lee et al.52 has shown that these two Raman modes exhibit well 
defined thickness dependence and this can provide a simple and precise method for the 
determination of sample thickness in the case of mechanically exfoliated MoS2. Here, 
Raman spectra were measured using a Raman spectrophotometer (ND-MDT) to 
characterize the chemically exfoliated MoS2 films as a function of the average film 
thickness.  
Characteristic features of 2H-MoS2 were observed since peaks from both E
1
2g and A1g  
vibration modes were found in all the MoS2 films (Figure 3.8.a), indicating that the 
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phase restoration from 1T metastable phase to 2H phase was achieved (both of these 
two vibration modes are absent in the 1T phase of MoS2).
53 As the average thickness 
increases from 1.2 nm to 3.7 nm, the E12g vibration softens with a red shift from 385.6 
cm-1 to 381.9 cm-1 while the A1g vibration stiffens with a blue shift from 406.2 cm
-1 to 
406.7 cm-1. The two modes shift away from each other in frequency with inc reasing 
average thickness of the chemically exfoliated films. This is consistent with the results 
of previous studies on mechanically exfoliated MoS2 sample,
52 for which the same 
trend of frequency shift with increasing layer thickness was found. The frequency 
change of the A1g mode is only 0.14 times than for the E
1
2g mode. This is quite distinct 
from the case of mechanically exfoliated MoS2, for which the frequency change of the 
A1g mode is twice than for the E
1
2g mode.
52 Thus, the extent of blue shift of the A1g 
mode of chemically exfoliated samples is smaller than in mechanically exfoliated 
samples. According to the proposed classic mode for coupled harmonic oscillators,54 
the A1g mode is expected to stiffen as the number of layers increases because the 
interlayer van der Waals interactions increase the effective restoring forces working on 
the atoms. For bulk 2H-MoS2 crystals, the stacking type is AbA BaB.
1 However, the 
stacking is random for chemically exfoliated MoS2 samples due to the random 
overlapping of individual monolayers. Hence, the weak interlayer interactions between 
chemically exfoliated flakes result in the small blue shift of the A1g mode with 
increasing thickness. The peak width, or the full width at half maximum (FWHM), was 
plotted as a function of the average thickness, as shown in Figure 3.8.b. Both the E12g 
and A1g modes became broader with the increasing average thickness. This is also not 
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consistent with the results reported for mechanically exfoliated samples,52 in which the 
peak width of the E12g mode is almost independent from the increase in the number of 
layers while the peak width of the A1g mode decreases from 6 cm
-1 to 3 cm-1 as the 
number of layers increases from 2 to 6. The broadening may be attributed to the 
inhomogeneity in the samples since these are composed of randomly overlapping thin 
and small flakes (less than 1μm in lateral size).  
 
Figure 3. 8. Raman spectra collected with a 532 nm laser excitation wavelength. (a) Raman 
spectra of chemically exfoliated MoS2 films deposited on Si/SiO2 substrates, peak intensity was 
normalized to Si peak calibrated at 520 cm
-1
. MoS2 films were annealed in an argon filled 
glove box at 300 ˚C. (b) Peak width (FWHM) of the two modes as a function of the average 
film thickness. 
3.3.4 Photoluminescence spectra of chemically exfoliated MoS2 
Photoluminescence spectroscopy was used to characterize the electronic band gap 
structure of MoS2 thin films, as shown in Figure 3.9. Distinct emission peaks A and B 
were observed in the emission spectra of thinner films (average thicknesses of 1.2 nm 
and 1.4 nm), corresponding to the direct band gap photoluminescence from the K point 
of the Brillouin zone.54 The thinnest sample (average thickness of 1.2 nm) exhibited 
the strongest photoluminescence while the intensity decreased with increasing film 
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thickness. As the thickness increases from 1.2 nm to 2.5 nm, a slight red shift (~30 
meV) of the emission peak A was also found, which is due to the direct band gap being 
weakly affected by quantum confinement owing to the large electron and hole mass 
around the K point.9 However, based on the previous work by Eda et al,42 the overall 
photoluminescence intensity was still weak, especially no emission peak was observed 
when the thickness of the sample is larger than 3 nm. As all the samples are reasonably 
thin (less than 5 nm), and the annealing process is sufficient, the absence of 
photoluminescence in these samples may be caused by defects induced from the Li 
intercalation process. 
 
Figure 3. 9. Photoluminescence spectra of chemically exfoliated MoS2 films on Si/SiO2 
substrates, the spectra were collected with a 532 nm laser excitation wavelength and 
normalized to the intensity of the A1g Raman peaks. MoS2 films were annealed in an argon 
filled glove box at 300 ˚C for 1 h. The inset shows the energy of peak A as a function of 
average film thickness. The peak energy was extracted from the photoluminescence spectra. 




3.4 Sulfurization of thermally evaporated MoO3 
In order to obtain more uniform MoS2 thin films, sulfurization of thermally evaporated 
molybdenum oxide represents an alternative synthesis method which is easy to perform. 
Lin et al.55 have reported the successful synthesis of wafer-scale (2 inch sapphire 
substrate) MoS2 thin films using thermally evaporated molybdenum oxide thin film as 
the precursor material. This synthesis follows a two-step process: reduction of MoOx at 
500 °C in hydrogen; sulfurization at 1000 °C in the presence of sulfur. This method 
offers a potential route to scaling up the lateral size of MoS2 thin film. Moreover, the 
film thickness can be tuned through control of the thickness of the starting material. In 
this work, the two-step process was utilized to synthesize MoS2 thin films. The MoO3 
powder was evaporated and deposited as a MoOx thin film using a thermal evaporator, 
and then the film was treated by reduction and sulfurization at high temperature. To 
correlate the thicknesses of the sulfurized MoS2 thin film and the initial evaporated 
MoOx thin film, a series of MoOx thin films with various thicknesses were prepared 
and subsequently sulfurized. The thicknesses of both MoS2 and MoOx films were 
determined by AFM imaging. The quality of the films was also characterized by 
Raman, photoluminescence and UV-Vis absorbance spectroscopy as well as by SEM 
imaging. Furthermore, to identify the best conditions and optimize the film quality, the 




3.5 Experimental procedure for the sulfurization and thermal 
evaporation of MoO3 
Both Si/SiO2 and quartz substrates were prepared and cleaned before thermal 
evaporation. The substrates were cleaned by first sonicating in acetone for 15minutes, 
followed by another sonication in isopropyl alcohol for 15 minutes. After that, the 
substrates were immersed in piranha solution (4:1, H2SO4 (98%): H2O2 (30%)) for 10 
minutes and rinsed with deionized water thoroughly. The substrates were subsequently 
dried under N2 flow.  
MoO3 (molybdenum (VI) oxide) powder (Alfa Aesar, 99.95%) with desired thickness 
were thermally evaporated on Si/SiO2 and quartz substrates (~1.3 cm1.3 cm) at a rate 
of 0.2~0.5 Å s-1. A schematic illustration of the thermal evaporation chamber is shown 
in Figure 3.10.  
 




The substrates were fixed on the sample holder with adhesive tape. High vacuum was 
achieved using a turbo pump backed by a rotary pump to lower the melting point of the 
source material. The tungsten boat filled with the source material is heated with large 
electrical current. A crystal sensor is used to monitor the deposition rate and determine 
the deposition thickness.  
 
Figure 3. 11. Schematic illustration for the synthesis of the MoS2 thin film from sulfurization 
of MoOx. 
 
The subsequent sulfurization process was conducted in a single zone tube furnace with 
a quartz tube 1.8 inches in diameter. 0.15-0.20 g sulfur powder (Sigma Aldrich, 
99.98%) was loaded in an alumina crucible and placed at the upstream position in the 
quartz tube. Thermally evaporated MoOx thin film samples were placed at the center of 
the furnace where the temperature is the maximum. Nitrogen was introduced as the 
carrier gas for the sulfur vapor. 
Prior to sulfurization, the quartz tube loaded with the substrates and sulfur powder was 
evacuated to 10-4 mbar and refilled with N2 to atmospheric pressure to remove excess 
O2 and H2O. The temperature was increased from room temperature to the set 
sulfurization temperature, for instance, to 800 °C in 40 minutes. The temperature was 
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kept at 800 °C for 30 minutes. Subsequently, the heater of the furnace was turned off 
and the samples were allowed to cool down to room temperature typically with a 
cooling rate of 10-15 °C per minute. The flow rate of N2 was initially maintained at 
500 sccm during the heating phase to remove H2O absorbed on the inner wall of the 
quartz tube when the temperature was below 150 °C. As the temperature increased to 
above 150 °C, the flow rate was adjusted to 20-30 sccm and kept at this value during 
the sulfurization process. After the reaction, the flow rate was adjusted to 500 sccm 
again when cooling down to 500 °C to accelerate the cooling process. The synthesis 
process is illustrated in Figure 3.11. 
It is worthwhile to note that oxygen vacancies could be created during the process of 
thermal evaporation. Hence, the chemical composition of the evaporated film should 
be represented as MoOx.  
The edges of the substrate were masked by an adhesive tape in order to define the 
deposition region. In this work, not only monolayer MoS2 films are desired. In order to 
find the optimal growth condition of MoS2 films, to provide the optimal control 
technique of film thickness, the MoOx films were deposited with a thickness ranging 
from 1 to 7 nm.  
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3.6 Results and discussion 
3.6.1 MoS2 films obtained from sulfurization of MoOx films with various 
thicknesses 
3.6.1.1 Morphologies-optical, SEM, and AFM imaging 
Optical images of both evaporated MoOx film and sulfurized MoS2 film are shown in 
Figure 3.12. A large area, uniform and continuous blue film can be observed in a 
sample with initial MoOx film thickness of 7 nm. The evaporated MoOx film with a 
thickness of 3 nm (Figure 3.12.b) shows that the film is continuous. Figure 3.12.c and 
3.12.d show that a thicker original MoOx film results in a thicker MoS2 films as can be 
seen from the different optical contrast. Compared with the chemical exfoliation 
methods, sulfurization of thermally evaporated MoOx films can produce very 
homogeneous MoS2 films. Furthermore, for all film thicknesses, films remain 





Figure 3. 12. (a) Photograph of the MoS2 film obtained by sulfurization (800 °C, 30 mins) of a 
7 nm-thick MoOx film. The film area is around 0.8 cm   0.8 cm. The substrate area is around 
1.2 cm   0.8 cm. (b) Optical image of an evaporated 3 nm-thick MoOx film. (c) Optical 
image of the MoS2 film from sulfurization (800 °C, 30 mins) of a 1 nm-thick MoOx film. (d) 
Optical image of the MoS2 film from sulfurization (800 °C, 30 mins) of a 7 nm-thick MoOx 
film. 
 
Figure 3.13 shows the SEM image of the MoS2 film obtained from sulfurization of 1 
nm-thick MoOx film. A continuous and uniform MoS2 film was seen as shown in the 
dark grey region. At the edge of the MoS2 film, randomly distributed small spots (less 
than 100nm in diameter) were observed, indicating the small grains of MoS2 film 
obtained by sulfurization of MoOx. This suggests that the film is highly polycrystalline 




Figure 3. 13. SEM image of the MoS2 film obtained by sulfurization of 1 nm-thick MoOx. 
 
As shown in Figure 3.14.a, height analysis was performed at three randomly selected 
points (indicated as white dashed lines) near a scratched region of a MoOx film with a 
nominal thickness of 3 nm. The cross-sectional height profiles show that the thickness 
of the MoOx film varies between 2.5 and 3.0 nm. This is consistent with the thickness 
estimated from the crystal monitor. The cross-sectional height profiles of a MoS2 film 
obtained from sulfurizing a 3 nm-thick MoOx film is about 3 nm. Thus, the film 
thickness remains unchanged before and after sulfurization. The root-mean-square 
surface roughness of the evaporated MoOx film is ~0.2 nm and the roughness increases 




Figure 3. 14. (a) AFM image of a 3 nm-thick evaporated MoOx film. (b) A selected 
cross-sectional height profile showing the thickness of the MoOx film. (c) AFM image of the 
MoS2 film from sulfurization of the 3 nm-thick MoOx film. (d) A selected cross-sectional 
height profile showing the thickness of the MoS2 film. 
3.6.1.2 UV-Vis absorbance spectra  
 
Figure 3. 15. (a) UV-Vis absorbance spectra of MoS2 films with thickness of 1, 2, 3 and 5 nm. 
(b) The absorbance dependence on MoS2 film thickness for each of the four excitonic peaks A, 
B, C and D.  
 
To study the absorption properties of the MoS2 films, UV-Vis absorbance spectroscopy 
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was performed. Clear characteristic peaks of MoS2 can be observed in the absorbance 
spectra (Figure 3.15.a). Compared with the absorbance spectra of chemically exfoliated 
MoS2 samples, peaks A and B of MoS2 samples from sulfurization of MoOx films do 
not appear as well defined as those of chemically exfoliated samples. This may be due 
to incomplete sulfurization of the MoOx films, resulting in strong structural and 
electronic disorder. However, a clear linear dependence between the absorbance of the 
four excitonic peaks on the film thicknesses was found.  
 
Figure 3. 16. Normalized UV-Vis absorbance spectra of MoS2 films with thickness of 1, 2, 3 
and 5 nm. (a) entire spectra, (b) 550 nm-800 nm region. The inset shows the energy position of 
exciton peaks A as a function of film thickness. The peak energies were extracted from the 
second order derivative of normalized absorbance spectra. (c) Second order derivative of 
normalized absorbance spectra, 640 nm-700 nm region. 
 
In the normalized absorbance spectra of sulfurized MoS2 films (Figure 3.16), the 
excitonic peak A does not show the expected transition as film thickness changes, 
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especially for the thicker film (5 nm), for which the peak energy is even larger than the 
monolayer film. This anomalous phenomenon of sulfurized MoS2 films is probably 
due to the imperfect electronic structure produced in the growth process such that the 
second order derivative of the absorbance spectra may lead to the inaccurate values of 
the peak position. Nevertheless, the extracted exciton wavelength of peak A for the 1 
nm-thick MoS2 film is 656 nm, coinciding with the peak energy of mechanically 
exfoliated monolayers. Thus, the 1 nm-thick film obtained from sulfurization is 
expected to be a monolayer. 
3.6.1.3 Raman spectra  
The characteristic Raman peaks of MoO3 films were not observed after evaporation 
even in a relatively thick film (>10 nm), as shown in Figure A.2 in Appendix. Similar 
results have been reported in the case of sulfurization of evaporated WOx films.
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Figure 3. 17. Raman spectra collected with a 473 nm laser excitation wavelength. (a) Raman 
spectra of MoS2 films on Si/SiO2 substrates with thickness of 1, 2, 3 and 5 nm. The spectra 
were normalized to the Si peak calibrated at 520 cm
-1
. (b) Peak width (FWHM) of the two 
vibrational modes as a function of the film thickness. 
 
Both E12g and A1g vibrational modes were observed in all of MoS2 films, indicating that 
the MoS2 samples from sulfurization of MoOx are 2H phase. As the thickness increases 
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from 1 nm to 5 nm, the E12g peak red shifts from 387.0 cm
-1 to 384.4 cm-1 while the A1g 
peak blue shifts from 406.7 cm-1 to 408.5 cm-1. The frequency change for the A1g mode 
is about 0.7 times than for the E12g, indicating that the shift of A1g mode with 
increasing thickness is smaller than in mechanically exfoliated samples. However, the 
shift of the A1g mode of sulfurized samples is much stronger than in chemically 
exfoliated samples, for which the frequency change for the A1g mode is 0.14 times than 
for the E12g mode. Hence, it can be speculated that the interlayer interaction in 
sulfurized samples is stronger than in chemically exfoliated samples, but weaker than 
the interlayer van der Waals interactions in 2H bulk MoS2 crystals. Due to the high 
temperature growth, we speculated that stacking between the layers in sulfurized 
samples is nearly commensurate i.e. not random like in the case of chemically 
exfoliated and randomly restacked sample. That’s why the interlayer interaction is 
stronger in sulfurized samples compared with chemically exfoliated samples. 
It is known that the peak width of the Raman peak is also sensitive to the crystal 
quality of the MoS2 layers. As shown in Figure 3.17.b, the peak width of both E
1
2g and 
A1g for all the samples ranges from 7 cm
-1 to 10 cm-1, which is broader than in 
mechanically exfoliated MoS2 samples, indicating structural disorder in these MoS2 
films.  
3.6.1.4 Photoluminescence 
To study the electronic structure and quality of MoS2 films obtained from sulfurization 
of MoOx films, photoluminescence measurements were performed. As shown in Figure 
3.18, distinct excitonic emission peaks A and B located at 660 nm and 613 nm, 
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respectively, were observed in the 1 nm-thick MoS2 sample. However, no emission 
was observed for thicker samples. The absence of indirect band gap emission suggests 
that the sample is strongly disordered with high density of non-radiative decay 
channels. 
 
Figure 3. 18. Photoluminescence spectra of MoS2 films with thickness of 1, 2, 3 and 5 nm, all 
the samples were sulfurized at 800 °C for 30 minutes. Photoluminescence spectra collected 
with a 473 nm laser excitation wavelength. The spectra were normalized to the intensity of the 
A1g Raman peaks. 
3.6.2 Effect of pre-annealing on the quality of MoS2 films  
The absence of photoluminescence from 2 to 8 nm films indicates that the quality of 
these samples is rather low. Hence, with the aim of improving the quality of MoS2 
films, several modified routes were explored. One involves pre-annealing the 
evaporated MoOx films in either a nitrogen filled glove box or in air, in order to 
improve their crystallinity. Filling of the oxygen vacancies, which are expected to be 




Figure 3. 19. Optical images of MoS2 films with different pre-annealing conditions of MoO x 
prior to the sulfurization process. (a) No pre-annealing, (b) pre-annealing in N2 at 200 °C for 2 
hours, (c) pre-annealing in air at 200 °C for 2 hours. 
 
The optical images of a MoS2 thin film synthesized without and with different 
pre-annealing are shown in Figure 3.19. No discernable differences were observed in 
the morphologies of these MoS2 films. 
 
Figure 3. 20. Raman spectra collected with a 473 nm laser excitation wavelength. (a) Raman 
spectra of 1 nm-thick MoS2 films with no pre-annealing, pre-annealing at 200 °C for 2 hours in 
a nitrogen filled glove box and pre-annealing at 200 °C for 2 hours in air, respectively, 
followed by sulfurization at 800 °C for 30 minutes. The spectra were normalized to the 
intensity of Si peak calibrated at 520 cm
-1
. (b) Peak width (FWHM) of the two vibrational 
modes under different pre-annealing conditions.  
 
Compared to the ratio of the intensities of the two vibrational modes of MoS2 to the Si 
peak, the non-annealed sample shows the highest relative intensity, followed by the 
sample pre-annealed in nitrogen at 200 °C for 2 hours and the sample pre-annealed in 
air at 200 °C for 2 hours. The weakening of the relative intensities of the two 
vibrational modes suggests that the quality of MoS2 is not improved through 
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pre-annealing the MoOx precursor. Besides, no trace of MoO3 is observed by Raman 
spectra after annealing the evaporated film in air at 200 °C for 2 hours, indicating that 
the expected filling of the oxygen vacancies was not achieved using this pre-annealing 
process. The increase in the peak width of the two vibrational modes could be used to 
further confirm that pre-annealing of MoOx does not help improve the quality of the 
MoS2 samples. As seen in Figure 3.20.b, the variation of the FWHM value of the E
1
2g 
mode is less than 1 cm-1, while the FWHM value of the A1g mode increases 
significantly after both pre-annealing processes. The origin of the broadening of the 
A1g peak is unclear. This may be related to the increased stacking disorder and reduced 
crystal domain sizes. 
 
 
Figure 3. 21. Photoluminescence spectra of MoS2 films from sulfurization of 1 nm thick MoO x 
films with no pre-annealing, pre-annealing at 200 °C for 2 hours in a nitrogen filled glove box 
and pre-annealing at 200 °C for 2 hours in air, respectively, followed by sulfurization at 800 °C 
for 30 minutes. Photoluminescence spectra collected with a 473 nm laser excitation 




Figure 3.21 shows the photoluminescence spectra of films synthesized with and 
without pre-annealing. Prominent excitonic emission peaks A and B were observed 
only in non-pre-annealed sample. With pre-annealing in either nitrogen or air, the 
intensity of both excitonic emission peaks A and B became weak and ambiguous while 
the peak located around 550 nm is largely enhanced. In addition, the peak located 
around 590 nm which does not occur in the non-annealed sample is appeared after 
pre-annealing. The origin of these two peaks is unclear. The unexpected emission 
peaks may come from carbon or other impurities adsorbed on the surface. Therefore, 
based on the results of both Raman and photoluminescence spectra, the pre-annealing 
treatment on MoOx in nitrogen or air at 200 °C does not contribute to improving the 
quality of the MoS2 films.   
3.6.3 Effect of sulfurization temperature on the quality of MoS2 films 
As an alternative route to improving the quality of MoS2 samples, the sulfurization 
temperature was varied from 750 °C to 900 °C, in 50 °C steps. The optical images 




Figure 3. 22. Optical images of MoS2 films from sulfurization of 1 nm thick MoO3 films of 
sulfurized at different temperature for 30 minutes. (a) 750 °C, (b) 800 °C, (c) 850 °C, (d) 
900 °C. 
 
When the sulfurization temperature was between 750 °C and 850 °C, highly uniform 
films were obtained (Figure 3.22.a to Figure 3.22.c). However, when the temperature 
was increased further, to 900 °C, the film became quite rough as numerous blue spots 
can be identified in the film. Based on the information from morphology analysis, the 
optimized sulfurization temperature should not be over 850 °C. 
Figure 3.23 shows the Raman spectra of samples sulfurized at different temperatures. 
The highest relative intensities of both E12g and A1g modes were observed in the sample 
sulfurized at 850 °C. From 750 °C to 850 °C, the relative intensities of the two 
vibrational modes increase with increasing sulfurization temperature. However, the 
relative intensities weaken when the temperature reaches 900 °C. Furthermore, the 
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peak width as a function of sulfurization temperature was found to vary consistently 
with the relative intensities and the morphology. As the temperature increases from 
750 °C to 850 °C, the peak width of both E12g mode and A1g mode narrows, indicating 
an improving quality of MoS2 films. When the temperature increases to 900 °C, the 
A1g peak narrows further while the E
1
2g becomes broader. The broadening of E
1
2g may 
be induced by degradation caused by the high temperature.  
 
Figure 3. 23. Raman spectra of MoS2 films from sulfurization of 1 nm thick MoO3 films, 
sulfurized for 30 minutes at 750 °C, 800 °C, 850 °C and 900 °C, respectively. Raman spectra 
collected with a 473 nm laser excitation wavelength. The spectra were normalized to the 




The result of Raman spectra could be also supported by the photoluminescence spectra, 
as shown in Figure 3.24. As the sulfurization temperature increases from 750 °C to 
850 °C, the intensity of the excitonic emission peak A keeps increasing, and it reaches 
the highest value when the temperature increases to 850 °C. In addition, the excitonic 
emission peak B becomes more distinct with the sulfurization temperature increasing 
towards 850 °C. However, the intensity of the peak A weakens and peak B is 
suppressed when the temperature increases to 900 °C, suggesting degradation of the 
samples. Therefore, based on the results from both morphologies and structures, 
850 °C was found to be the optimal sulfurization temperature for producing moderate 
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quality MoS2 films. 
 
Figure 3. 24. Photoluminescence spectra of MoS2 films from sulfurization of 1 nm thick MoO x 
film, sulfurized for 30 minutes at 750 °C, 800 °C, 850 °C and 900 °C, respectively. 
Photoluminescence spectra collected with a 473 nm laser excitation wavelength. The spectra 









Chapter 4 Photocurrent measurement of MoS2 thin films and 
relevant issues 
4.1 Experimental methods 
4.1.1 MoS2 photoelectrode preparation 
As described in Chapter 3, chemical exfoliation and the sulfurization of MoOx offer 
effective routes to scaling up the lateral size of MoS2 films. In this chapter, fabrication 
and evaluation of photoelectrodes based on these MoS2 films are described. 
For chemically exfoliated MoS2, fluorine doped tin oxide (FTO) conductive glass (2 
cm1.5 cm) (LATECH) was utilized as the conductive substrate. The FTO glass was 
cleaned by first immersing it into aqua regia solution (3:1, concentrated HCl : 
concentrated HNO3) for 10 minutes, followed by thorough rinsing with distilled water. 
The FTO glass was then immersed into piranha solution (4:1, H2SO4 (98%): H2O2 
(30%)) for 10 minutes, followed by another thorough rinse with distilled water. MoS2 
thin films were then deposited onto FTO glass via the vacuum filtration, as described 
in Chapter 3, followed by annealing in an argon filled glove box at 300 °C for 1 hour,. 
The thickness of the films was varied by controlling the amount of MoS2 suspension 
used. Electrical contacts between the potentiostat and the MoS2 film deposited on FTO 




Figure 4. 1. Photograph of MoS2 photoelectrodes with various film thicknesses by deposition 
of chemically exfoliated MoS2 on FTO substrates. The average film thicknesses were 
estimated from the UV-Vis absorbance spectra as described in Chapter 3. From left to right, 
the average film thickness is 1.4 nm, 2.1 nm, 2.5 nm, 3.0 nm and 3.7 nm, respectively. 
 
To produce photoelectrodes of MoS2 films obtained by sulfurization of MoOx, a quartz 
substrate was coated with thermally evaporated Cr (5 nm)-Au (30 nm) film. Cr acts as 
the adhesion layer and Au is used to form an ohmic contact with MoS2 film. This was 
necessary because FTO conductive glass cannot endure temperatures higher than 
500 °C. Hence, after thermally evaporating the Cr-Au, MoOx films were evaporated 
with different thicknesses, followed by the sulfurization process at 850 °C for 30 
minutes. However, after high temperature annealing for sulfurization, the gold film 
coalesced into isolated particles, as shown in Figure 4.2.a. Previous work by Zhan et 
al.5 has shown that Au film shrinks into particles after annealing at 750 °C for 10 
minutes and lead to a deformed or suspended MoS2 film. Therefore, degradation of the 
films due to the shrinkage of Au substrates at high temperature was found to impede 
the production of large area and uniform MoS2 films for the PEC measurement. Due to 
these challenges, photocurrent measurements were conducted mainly on chemically 
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exfoliated samples on FTO substrates. 
 
Figure 4. 2. (a) Optical image of the MoS2 film deposited on top of Cr/Au on quartz, 
sulfurized at 850 °C. (b) SEM image of the MoS2 film deposited on top of Cr/Au on quartz, 
sulfurized at 850 °C. 
4.1.2 Photocurrrent measurement 
Generally the photocurrent signals of the chemically exfoliated MoS2 thin films are 
lower than 1 nA, so a lock- in technique was utilized for all the photocurrent 
measurement. In all cases, the photocurrent was measured in a three-electrode 
electrochemical cell. Prior to the photocurrent measurement, the base line (dark current) 
after reaching the steady state was acquired. Photocurrent was then measured with 
suitable chopping frequencies and at different wavelengths. In order to confirm that the 
signal was caused by illumination, for each measurement, the data collected without 
illumination was compared with the data under illumination.  
For all the MoS2 photoelectrodes, measurements were conducted at 0 V potential 
against a Ag/AgCl 1M KCl reference electrode. All photocurrent measurements were 
conducted with 0.5 mol/L Na2SO3 (Sigma Aldrich, 98%) aqueous electrolyte, a 
sacrificial hole scavenger commonly used in photoclectrochemistry. The reaction 
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mechanism of oxidation of sulfite is described as below: 
 SO3




4.2 Results and discussions 
A series of measurements with the lock- in technique were done on the chemically 
exfoliated MoS2 film electrodes. However, almost no effective photocurrent signals 
could be isolated from the experimental noise, as shown in Figure 4.3.  
 
Figure 4. 3. Signals recorded by lock-in technique with and without illumination, measured 
with different reference frequencies. The illuminated sample is 3.7 nm MoS2 films on FTO 
substrate, measured with reference frequencies of 31 Hz and 37 Hz, respectively. 
 
As seen in Figure 3.7.a and b, both of the signals recorded from dark and illuminat ion 
are around 10-10 A. The signals recorded under illumination could not be distinguished 
from the signals recorded in the dark, indicating that no effective photocurrent signals 
were obtained. The measurement of thinner films gave the same result, where signals 
collected under illumination showed no clear difference from the background noise. 
The reason for the absence of expected photocurrent signal is discussed below. The 
discussion will mainly focus on two aspects: the measurement technique and the 
properties of the materials.  
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4.2.1 Measurement issue - selection of reference frequency in lock-in 
technique for photocurrent measurement 
In order to measure the low level photocurrent signals, a lock- in amplifier operating at 
an appropriate reference frequency is required. The selection of the reference 
frequency could be an issue for photocurrent measurement. Previous work by Kam et 
al.57 with bulk single crystals of WSe2, MoSe2, WS2 and MoS2 used lock- in technique 
by chopping the light at 47 Hz. Using a prime number for the reference frequency to 
prevent second harmonic generation was also proposed by other users of this technique. 
However, it was also proposed that in a photocurrent measurement, light chopping in 
conjunction with a lock- in amplifier requires very low chop rates (< 1 Hz), because 
capacitive charging at the solid- liquid interface may consume long time for the current 
to reach the steady state, with time up to seconds for some systems. A too fast chop rate 
would then result in small photocurrent.58 The response time of photocurrent was 
defined as the time required for the signal to reach 95% of the steady-state value.59  
For the typical dye sensitized solar cell illuminated under monochromatic light, the 
response time of the photocurrent evaluated by Guo et al59 ranges from 0.3 s to 1.5 s as 
the wavelength increases from 400 nm to 750 nm, indicating a rather low speed for the 
photo response of DSSC with the photoactive N719 dye molecule. Meanwhile, the 
effect of higher chopping frequency would lead to an underestimated IPCE results as 
previously reported.59,60 Based on these considerations, the chopping frequency of 
monochromatic light should be as low as possible to allow enough time for the 
photocurrent response before data recording and obtain a precise result.  
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In contradiction with the requirement of low frequency for photocurrent measurement, 
it is suggested in the operation instructions of the optical chopper that low frequency 
operation should be avoided because background noise, lock- in amplifier noise and 
phase jitter worsen at low frequencies. Furthermore, it is difficult to achieve a 
measurable photocurrent and evaluate the response time of MoS2 films using a suitable 
reference frequency for the lock-in technique.  
4.2.2 Mechanism of recombination, charge separation and charge carrier 
diffusion in MoS2 thin film photoelectrochemical cell 
It is known that surface states arising from either lattice defects, dangling bonds, 
vacancies, or due to the adsorption of electronic acceptor or donor species from the 
redox couple in the electrolyte play an important role in the performance of the 
semiconductor- liquid interface and affect the efficiency of PEC solar cells.61 These 
surface states with energy existing in the band gap act as the recombination centers for 




Figure 4. 4. Model of a two-reaction channel of photogenerated charge carriers at an n-type 
semiconductor surface in contact with a redox electrolyte. Uc and Uv are the electrochemical 
potentials corresponding to the conduction and the valence band edge, respectively, EF is the 
Fermi level, R and C are the recombination levels. From reference (62) 
 
The surface states existing at the semiconductor-electrolyte interface may lead to a 
significant decrease in photovoltage due to the positive shift of flat band potential,25 
resulting in a decrease in photocurrent. Hence, the entire photocurrent generation 
process in a PEC cell results from the competition between charge carrier generation, 
separation and recombination. In the case of MoS2 thin films deposited on FTO 
conductive glass, a detailed possible recombination mechanism has been proposed by 
King et al.63 Apart from the general recombination process mentioned above, the 
thermalization of excited electrons in the upper orbital energy to the conduction band 





Figure 4. 5. Possible recombination routes for the excited electrons in MoS2 film on FTO 
substrates. k1 and k2 are the possible routes of injection of the electron into the FTO. k3 and k4 
are the possible routes for the recombination due to the trap states. k5 corresponds to the 
thermalization of excited electrons in the upper orbital energy to conduction band minimum. k6 
represents the photoluminescence process. From reference (63). 
 
Apart from the measurement issues from lock-in amplifier, the absence of photocurrent 
signals could be also due to the existence of large amount of surface states coming 
from either lattice defects or impurities acting as recombination centers. This 
explanation could be reasonable since the MoS2 thin film photoelectrode is composed 
of the randomly overlapping thin sheets from chemical exfoliation. Compared with 
bulk single crystals which have more perfect van der Waals planes with few steps or 
traps, chemically exfoliated MoS2 thin film is more defective due to small crystal 
domains and the random stacking which could lead to a limited in-plane and out-of 
plane charge transport. Therefore, numerous defects or surface states acting as 
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recombination centers could lead to the absence of photocurrent of MoS2 thin films. 
Effective charge separation and diffusion of the minority charge carriers also play a 
crucial role in the photocurrent. It has been proposed by G. Kline et al.24 that the space 
charge layer should be sufficiently thick or the carrier lifetimes long enough to ensure 
the efficient separation and collection of the photo-generated carriers. Previous work 
by W. Kautek et al.64 has derived a value of mean diffusion length for holes o f 1.4   
10-4 cm and a mean lifetime for holes of 10-5 s in bulk single crystal of MoS2 from the 
traditional model for photocurrent-potential relationships of illuminated semiconductor 
electrodes. A diffusion length of 450 nm and a corresponding carrier lifetime of 100 ps 
± 10 ps have been found for ultrathin MoS2 layers.
65 The crystal size utilized in this 
work (less than 800 nm) may not favor the diffusion process of minority charge 
carriers. Due to these structural limitations, the insufficiently thick space charge layer 
existing at the interface of MoS2 thin films with the electrolyte may lead to insufficient 
charge separation and collection, which could be another reason for the absence of 








Chapter 5 Conclusions and Outlook 
5.1 Conclusions 
This thesis presented the work on the synthesis, characterization and study of the PEC 
properties of atomically thin films of MoS2. MoS2 films were produced through 
lithium-intercalation assisted chemical exfoliation of commercial MoS2 powder and 
sulfurization of thermally evaporated MoOx film. For the chemically exfoliated MoS2, 
thin films with various thicknesses were obtained by varying the concentration of the 
suspension filtered. The morphology was characterized by optical microscope and 
scanning electron microscope, confirming that the films were composed of randomly 
stacked flakes with sizes ranging from 100 nm to 700 nm. AFM analysis confirmed 
that most of the MoS2 sheets obtained by exfoliation are monolayers. UV-Vis 
absorbance spectroscopy, Raman spectroscopy and photoluminescence spectroscopy 
were utilized to characterize the lattice and electronic band gap structure as well as the 
quality of MoS2 thin films. The Raman shift of the E
1
2g and A1g modes with increasing 
film thickness was compared with that of mechanically exfoliated samples. The 
thickness dependence of these Raman peaks was significantly weaker than the trends 
observed in mechanically exfoliated samples. This finding indicates that the stacking 
order in the restacked monolayer sheets is not well defined.  
For MoS2 films synthesized via sulfurization of evaporated MoOx, control of the film 
thickness was also achieved by controlling the initial thickness of the MoOx precursor 
film. Pre-annealing conditions of the MoOx films and sulfurization temperature were 
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varied in order to improve the film quality. It was found that the pre-annealing at 
200 °C in either nitrogen or air does not help improving the quality of the samples. On 
the other hand, sulfurization at 850 °C led not only to a smoother film but also to a less 
disordered material, as evidenced by sharper vibrational modes and a significantly 
enhanced photoluminescence intensity. Hence, 850 °C is found to be the optimal 
growth temperature for moderate quality MoS2 films.   
To perform photocurrent measurements, chemically exfoliated MoS2 films were 
deposited on FTO conductive substrates. On the other hand, chromium / gold on quartz 
were used as the conductive film instead of FTO substrates for the MoS2 films 
obtained by sulfurization of MoOx. However, due to the shrinking of the gold film at 
the growth temperature, MoS2 films on chromium / gold electrodes were not able to 
maintain a steady value of dark current. This was probably due to the rough surface 
and exposed gold particles which would induce electrolysis reaction during the 
measurement, resulting in an invalid photocurrent measurement.  
No significant photocurrent signals could be isolated from the current base line (dark 
current) and the experimental noise. This may be attributed to the limitations from both 
the measurement conditions and the quality of the samples. The conflict between the 
long response time of the photocurrent and the requirement on the range of reference 
frequency for an accurate lock- in measurement limits the collection of the real 
photocurrent signals. On the other hand, the imperfect van der Waals plane of 
chemically exfoliated MoS2 films with various surface states acting as recombination 
centers may lead to weak photocurrent response. Furthermore, the insufficiently thick 
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space charge layer may result in inefficient charge separation. 
5.2 Outlook 
Although uniform, oriented thin films of MoS2 were successfully produced, the quality 
of the films still need to be improved. This may be achieved further optimizing the 
synthesis protocols. For example, the effect of the flow rate of the carrier gas during 
sulfurization, substrate, heating and cooling rate on the crystallinity may be 
investigated. 
With respect to the PEC application of MoS2 film synthesized by sulfurization of 
MoOx to the production of photoelectrodes, an alternative metal layer may be 
considered. Alternatively, the MoS2 film may be transferred from the growth substrate 
to the conductive substrate. With this approach, the MoS2 films may retain the original 
uniformity and quality similarly to those on Si/SiO2 or quartz substrates.  
In order to improve the photocurrent measurement, optimization of the measurement 
conditions with lock-in technique is required. However, selection of a proper reference 
frequency remains a challenge due to uncertainty in the response time of the 
photocurrent in MoS2 thin films. The response time may be investigated by applying a 
bias to enhance the photocurrent signal. As for the surface states affecting the samples, 
specific chemical passivation could be used to minimize the recombination process, as 
shown in previous work on bulk crystals, such as treatment in a saturated solution of 
bis 1,2-iphenylphosphine or with ethane 4-ter-butyl pyridine,66 or induce organic 
molecules such as the disodium salt of the ethylene diamine tetracetic acid  as blocking 
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agents of the defective sites.67,68 
The photoelectrochemistry of atomically thin transition metal dichalcogenides remain 
largely unexplored. Further investigations on atomically thin films of WS2, MoSe2 and 
WSe2 should reveal their potential in applications. Additionally, the study of 
photoelectrodes based on a composite of wide band gap oxides such as TiO2 and 
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Figure A. 1. (a) AFM image of the evaporated MoOx film with a thickness of 7 nm and the 
roughness of the film is ~ 0.3 nm. (b) A selected cross-sectional height profile showing the 
thickness of the MoOx film. (c) AFM image of the MoS2 film from sulfurization of MoOx film 
with the thickness of 7 nm. The thickness of MoS2 film is about 8 nm, consistent with the 
original MoOx film. The roughness of the MoS2 film is ~ 0.6 nm. (d) A selected cross-sectional 
height profile showing the thickness of the MoS2 film. 
 
Figure A. 2. (a) Raman spectrum of a MoOx film collected with a 532 nm laser excitation 
wavelength, only Si peaks are seen in the spectrum. (b) Raman spectrum of bulk MoO3 
powder. 
 
